Introduction
============

Neurons communicate through highly orchestrated patterns of activity in both health and disease. These patterns include action potentials and inter- and intracellular signaling cascades. However, neurons are not the only important players in signal transmission. Astrocytes, a subtype of glial cells, extend thousands of fine processes that wrap around synapses and likely facilitate neurotransmission^[@bib1],[@bib2]^. The notion of astrocytes as active players in communication within the nervous system is evidenced by recent reports of astrocytic calcium signaling leading to downstream regulation of interneuronal interactions in health and disease^[@bib3; @bib4; @bib5; @bib6]^. However, the role of astrocyte calcium signaling in the function of neural circuitry is poorly understood. Given the structural and functional complexity of neuron--astrocyte interaction *in vivo*, these phenomena are better studied *in vitro*, where the physiological configuration of neuron--astrocyte connectivity can be reassembled and their function studied individually in real time.

Genetically encoded calcium indicators (GECIs) with non-overlapping emission spectra are cutting-edge imaging tools for monitoring neuron--astrocyte interactions. The GECI toolkit includes the single-wavelength indicators GCaMP6^[@bib7]^ and R-GECO^[@bib8]^. Cells can be driven based on their specific pattern of gene expression to manufacture either of the proteins. Then, upon the influx of calcium (for example, following an action potential), GCaMP6 increases fluorescence emission with a green peak, whereas R-GECO increases fluorescence emission with a red peak. The spectral separation between the emission spectra of the two probes thus enables simultaneous imaging of calcium dynamics within distinct cell populations. In addition, because GECIs are generally viewed by means of microscopy, they allow the collection of detailed spatial information about recorded calcium dynamics.

Control over neuron and astrocyte interactions may be achieved using microfluidics. The field of microfluidics deals with manipulation of liquid in microscale channels and offers significant advantages over conventional cell culture methods in terms of reducing the use of costly reagents, media and cells^[@bib9; @bib10; @bib11; @bib12; @bib13; @bib14]^. In addition to these often-cited advantages, an exciting benefit of microfluidics is the ability to exercise spatiotemporal control over the cellular microenvironment^[@bib15]^. The technology of microfluidics has seen extensive use in neurobiological research^[@bib16; @bib17; @bib18]^. Inspired by the Campenot chamber^[@bib19]^, various compartmentalized microfluidic devices have been fabricated for research in neuroscience and neurodegenerative diseases^[@bib5],[@bib20; @bib21; @bib22; @bib23; @bib24; @bib25; @bib26; @bib27; @bib28; @bib29; @bib30; @bib31; @bib32; @bib33]^. These devices employed the fluidic resistance of microgrooves^[@bib20; @bib21; @bib22; @bib23; @bib24; @bib25; @bib26; @bib27; @bib28; @bib29; @bib30]^ or a valve-controlled soft wall^[@bib31; @bib32; @bib33]^ to isolate neurons and astrocytes into individual chambers. Neural cells cultured in such compartmentalized microfluidic devices have been shown to remain viable and functional for prolonged periods of time^[@bib33],[@bib34]^.

Surface patterning is another microfabrication-related technique applied in neurobiology for controlling the attachment of neural cells and for guiding extension of cellular processes^[@bib35; @bib36; @bib37; @bib38]^. Low-density neuronal cultures with single synaptic contacts have proven useful for unraveling synapse formation and neuronal signaling^[@bib39],[@bib40]^. Patterning methods such as microcontact printing (μCP)^[@bib41; @bib42; @bib43; @bib44; @bib45; @bib46; @bib47]^, micromolding in capillaries (MIMIC)^[@bib48; @bib49; @bib50; @bib51]^ and plasma-based dry etching^[@bib38]^ have been utilized to pattern collagen I or poly-L-lysine (PLL) to form low-density neuronal networks.

Our study combined, for the first time, the following three technologies: (1) a compartmentalized microfluidic device to culture groups of neural cells in distinct and fluidically separated culture chambers, (2) surface patterning using polyethylene glycol (PEG)^[@bib52]^, a nonfouling hydrogel, to define the cell depositing location and to guide neurite development, and (3) GECIs to provide a real-time readout of cellular activity. The experimental system integrating these three concepts was used for monitoring reciprocal interactions between astrocytes and neurons responding to stimulation with a pharmacological agent, glutamate. In the future, we envision utilizing this platform to unravel the contributions of specific cellular compartments to neurodegenerative and neurodevelopmental disorders such as Alzheimer's disease, autism and Down syndrome.

Materials and Methods
=====================

Chemicals and materials
-----------------------

Phosphate-buffered saline (PBS; 1×) without calcium and magnesium, Dulbecco's modified eagle's medium (DMEM), 2-mercaptoethanol, laminin, poly-L-ornithine (PLO), L-glutamic acid, adenosine triphosphate (ATP), D-glucose, sodium bicarbonate (NaHCO~3~) and insulin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Minimal essential medium (MEM), L-glutamine, penicillin--streptomycin, B-27 supplement, and Neurobasal-A (NBA) medium were purchased from Thermo-Fisher (Pleasanton, CA, USA). Transferrin was purchased from Millipore (Darmstasdt, Hesse, Germany). Negative photoresist (SU8-2050 and 2010) and developer solution (SU8-developer) were purchased from MicroChem (Newton, MA, USA). Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow Corning (Midland, MI, USA). Pyrex cloning cylinders (8 mm×8 mm) were purchased from Fisher Scientific (Pittsburgh, PA, USA). Glass coverslips (no.1, 24×60 mm) were obtained from VWR (West Chester, PA, USA). 3-Acryloxypropyl trichlorosilane was purchased from Gelest, Inc. (Morrisville, PA, USA). Polyethylene glycol diacrylate (PEG-DA, MW=6000) was purchased from SunBio Co. Ltd (Ansan, Gyeonggi, South Korea) and photoinitiator (Irgacure 2959) was purchased from Ciba (Basel, Basel-Stadt, Switzerland). The photomasks for electrodes and microfluidic channels were designed in AutoCAD and printed by CAD/Art Services (Bandon, OR, USA). Penicillin, streptomycin, trypsin-EDTA, Alexa Fluor 488, Alexa Fluor 546 and fluorescent ovalbumin were obtained from Life Technologies (Grand Island, NY, USA).

PEG preparation and UV exposure
-------------------------------

The PEG patterns were created by MIMIC using a PDMS mold 5 μm high^[@bib53]^. A PEG hydrogel prepolymer solution was prepared by mixing 12 mg PEG-diacrylate (PEG-DA; MW=6000) with 98 μl 1× PBS and 10 μl 10% photoinitiator (Irgacure 2959). The glass coverslip (\~150-μm thick) was first modified by acrylated silane, as previously described^[@bib53]^. Silanization was necessary to ensure covalent anchoring of the hydrogel onto a glass substrate. The PDMS mold was brought into contact with a substrate to form a network of empty capillaries. A 2 μl PEG prepolymer solution was deposited on a punched port. A vacuum was applied on another port to aspirate the solution into the capillaries. Subsequently, the coverslip was flipped over and exposed under a ultraviolet (UV) source for 1 s using an OmniCure series 1000 light source inside an N~2~ bag. A PEG pattern remained on the coverslip after the PDMS mold was removed. The PEG pattern was avoided when, prior to bonding with the PDMS, the coverslip surface was carefully wiped with acetone.

Device fabrication
------------------

The hydrogel micropatterns and PDMS microfluidic devices were fabricated using standard soft-lithography protocols^[@bib52],[@bib54]^. Master patterns were created on four in wafers using negative-tone lithography. SU-8 2005 was used to create master patterns for hydrogel molding, and SU-8 2050 was utilized for making PDMS microfluidic devices. A prepolymer of PDMS was then mixed with a curing agent in a 10:1 ratio and poured over both molds. After degassing for 1 h, the PDMS layers were allowed to cure over their molds at 75 °C for 2 h. The solidified layers of PDMS were then peeled from their molds. A sharp, homemade needle puncher was used to make two small holes (\~1 mm in diameter) at the diagonal corners of the PDMS mold for gel loading during MIMIC. In a similar manner, four holes (6 mm in diameter) were punched using a metal puncher to create media reservoirs in the microfluidic piece for inlets and outlets. After the PEG pattern was formed as described in the previous section, a piece of the PDMS with molded microfluidic channels and chambers was manually aligned onto the PEG pattern. Correct placement was ensured using a phase-contrast microscope. Subsequently, glass cloning cylinders (10 mm high, with an outer diameter of 10 mm) were placed into the inlet and the outlet holes were punched in the PDMS. The entire device was then placed into an oven and cured at 37 °C for 1 h. Pyrex cloning cylinders served as the liquid media reservoirs. The pressure difference between the reservoirs and the waste wells generated a continuous fluid flow through the microchannels and the cell chambers. During the curing process, approximately 200 μl of sterilized deionized water was loaded into each reservoir, maintaining a constant flow in the microfluidic channels to retain the hydrophilic nature of the PDMS surfaces.

Surface coating
---------------

Neuronal compartments of the microfluidic co-culture devices were coated with 0.001 mg ml^−1^ PLO (diluted in DI water) for 12 h at room temperature and then washed in PBS for 10 min. This was followed by incubation for 12 h with 1 mg ml^−1^ PLL at room temperature. This was followed by another wash with PBS for 10 min. The astrocytic compartments were coated with 0.01 mg ml^−1^ collagen I solution for 12 h and washed in PBS for 10 min. Prior to seeding of the cells, the devices were sterilized by exposure to UV for 1 h.

Neuron and astrocyte preparation
--------------------------------

Neuronal^[@bib55]^ and astrocytic^[@bib56]^ cells were derived from hippocampi of P0 Sprague-Dawley rat pups as described previously. Purified astrocyte stocks were maintained in MEM supplemented with 28 mM D-glucose, 2.4 mM NaHCO~3~, 0.01% (w/v) transferrin, 2 mM L-glutamine, 0.0025% (w/v) insulin, and 50 μg ml^−1^ penicillin and 50 μg ml^−1^ streptomycin. All primary cell cultures were maintained in NBA supplemented with 2 mM L-glutamine, 50 μg ml^−1^ penicillin, 50 μg ml^−1^ streptomycin and 2% (v/v) B27 supplement inside microfluidic devices.

Cell seeding and cultivation in microfluidic devices
----------------------------------------------------

After the liquid was removed from each reservoir, 10--30 μl of media with 3000 cells per μl was added to cloning cylinders serving as reservoirs^[@bib31],[@bib32]^. The flow rate was adjusted by controlling the liquid head at the inlet and outlet media reservoirs^[@bib31]^. After a desired flow rate (\~50 μm s^−1^) was obtained, microfluidic devices were placed in a tissue culture incubator at 5% CO~2~ for 3 h at 37 °C to allow the cells to attach to the PLL-coated substrates. To wash away unattached cells, the inlet (loading) and outlet (waste) reservoirs were filled with 200 and 100 μl, respectively, and placed in an incubator for an additional 5 h. For routine culture, a continuous flow through the microchannels was maintained by adding 400 μl fresh media to the loading reservoirs and 100 μl to the waste reservoirs daily. The flow rate inside these devices was \~1 μl min^−1^ initially and slowed down to \~0.03 μl min^−1^ after \~5 h as the media levels in the reservoirs equilibrated. The rate of flow within the device was controlled between these values by varying the difference in volume applied to inlet and outlet wells. Given the microchamber volume of 0.6 μl, it took about 20 min to replace a whole chamber of media at this low flow rate.

Integration of genetically encoded calcium indicators into neurons and astrocytes
---------------------------------------------------------------------------------

GCaMP6 expression constructs were obtained from the Looger lab^[@bib7]^, and those for R-GECO were obtained through Addgene (Plasmid \#32444)^[@bib8]^. Genes encoding these fluorescent reporters of neural and astrocytic activity were subcloned into a pAAV or pSIV backbone, with expression under the control of the pan-neuronal human *synapsin-1* promoter^[@bib57]^ or the astrocyte-specific GfaABC~1~D promoter^[@bib58]^. cDNA encoding reporters were packaged into live adenoassociated virus 2/1 (AAV2/1)^[@bib59]^ or SIV-based lentivirus^[@bib60]^. Recombinant AAV (rAAV) was purified via ultracentrifugation over a cesium chloride gradient, and recombinant lentivirus (rSIV) was prepared as a crude lysate.

Expression of the reporter proteins was then transduced in cells via viral introduction within 4--5 days after initial seeding. One microliter of virus-containing solution was added to 400 μl of appropriate culture medium. This mixture was pipetted into the loading reservoir, and 100 μl of fresh culture medium was introduced into the waste reservoir of a microfluidic device. Flow through the chambers was then allowed for 3--4 h, after which 200 μl of medium was transferred from the waste reservoir to the corresponding loading reservoir. This procedure was repeated three times to ensure sufficient viral incubation while maintaining a laminar flow rate that prevented the mixing of fluids between the chambers. The virus-containing culture medium was then discarded and replaced with fresh culture medium.

Microscopy
----------

Depending on which viral vector was utilized, the devices were prepared for imaging for 3 (for pSIV) or 5 (for pAAV) days after viral incubation. Culture medium was completely aspirated from the devices, and 100 μl Hank's balanced salt solution (HBSS) was added to the loading reservoir. We applied the neurotransmitter glutamate to acutely stimulate cultures, as well as to model the longer term effects of excitotoxicity on neural cultures^[@bib5],[@bib61; @bib62; @bib63]^. In these experiments, 100 μl of 100 μM glutamate in HBSS was infused into the inlet of the microfluidic chamber, thereby creating a 50 μM concentration of this stimulant.

The devices were imaged using a Zeiss 710 laser-scanning confocal microscope. For dual-color imaging (that is, both GCaMP6 and R-GECO), excitation was provided by the 488-nm light from an Argon laser and the 561-nm light from a diode-pumped solid-state laser. Excitation was directed to the stage by a 488/561 main dichroic beam splitter. The resultant emission produced by the sample was detected by two photomultiplier tubes with QUASAR detection units with bandpass set between 491 and 516 nm (for GCaMP6) and longpass set beyond 603 nm (for R-GECO).

Image analysis
--------------

Cells were segmented for further analysis using manual thresholding of images in conjunction with the watershed segmentation algorithm in NIH ImageJ^[@bib64]^. Then, regions of interest (ROIs) for further analysis were selected. In the case of neuronal data, the cell somata were manually encircled. For astrocytes, ROIs were automatically detected when the signal within a low-pass filtered image exceeded twice the baseline standard deviation (s.d.). For comparison of ROI size, any detected ROI connected in space and time was projected with an OR function onto a two-dimensional image. For all ROIs, Δ*F*/*F* was calculated as: ${(F - F_{0})}/F_{0}$, where *F* is defined as the background subtracted, spatially averaged fluorescence intensity within the ROI and *F* ~0~ is the average of the lower quartile of all *F* within a time series. Individual calcium events detected within each astrocyte's ROI were fit with a Gaussian curve to allow calculation of the full-width at half maximum for each event.

Results and Discussion
======================

Design and function of microsystems
-----------------------------------

The field of neuroscience has developed sophisticated optogenetics tools for triggering and monitoring the activity of specific neural cells or other cell populations^[@bib65],[@bib66]^. However, standard neural cell culture approaches significantly limit the utility of optogenetics. The objective of this work was to develop a microfabricated platform for neural cell culture that will better leverage the full spectrum of capabilities offered by optogenetics. Specifically, our goal was to position neurons and astrocytes into distinct microfluidic compartments within a co-culture device. Glass substrates used for cell cultivation were micropatterned by a combination of PEG hydrogel micromolding and UV polymerization described by us previously^[@bib50; @bib51; @bib52],[@bib67]^. Microfluidic channels were placed on top of micropatterned substrates, creating devices of the type shown in [Figures 1a and b](#fig1){ref-type="fig"}, in which neurons and astrocytes were separated by silicone rubber walls. Communication occurred via grooves molded in PEG hydrogel and running beneath the walls. Cell attachment sites and grooves for axonal guidance were coated with adhesion proteins such as collagen and PLL, and the regions of the glass substrate protected with PEG gel remained non-fouling and free of proteins.

This co-culture design was used to study the interactions between two populations of neural cells, such as neuron--neuron and neuron--astrocyte interactions ([Figure 1b](#fig1){ref-type="fig"}). As shown in [Figure 1b](#fig1){ref-type="fig"}, the microfluidic devices were small and portable. These devices were designed with biologists' needs in mind: (1) the microfluidic channels sit atop thin coverslips suitable for live-cell imaging and high-resolution microscopy and (2) the reservoirs of this device hold enough culture media to maintain fluid flow over 24 h without pumps or tubing, making device operation simple and similar to multi-well culture plates.

Limiting fluid flow and diffusion of molecules between adjacent compartments
----------------------------------------------------------------------------

One of the goals of this study was to selectively stimulate astrocytes vs. neurons co-cultured in a microfluidic device. To achieve this, our device needed to be designed so as to limit flow and diffusion between adjacent cell culture chambers while allowing neurons and astrocytes to contact each other. Controlling liquid exchange has previously been accomplished by means of a perfusion stream^[@bib28]^ or valves situated between the adjacent compartments^[@bib31]^. A simpler solution was recently described by Cohen *et al.* ^[@bib20]^, who demonstrated that narrow and shallow grooves can be used to achieve near-complete fluidic isolation. In the present study, we implemented a similar design by employing 13 microgrooves, each 100-μm long, 10-μm wide and 5-μm high, to connect adjacent cell culture chambers of a microfluidic device.

Numerical simulations were performed using COMSOL to validate that this design prevented convection and limited diffusion between adjacent cell culture chambers. [Figure 2a](#fig2){ref-type="fig"} shows the simulation results of concentration gradients in the two compartments of the microfluidic device. For this simulation, we set up a hypothetical scenario with the solute concentration being 1 and 0 mM in the left and right compartments, respectively. A diffusion coefficient of 5×10^--7^ cm^2^ s^−1^ was assumed---typical for proteins in an aqueous environment^[@bib68]^. The flow rate chosen for modeling, 0.03 μl min^−1^, was the flow rate during most of the cell culture period. The simulation results in [Figure 2a](#fig2){ref-type="fig"} show that the concentration gradients within microfluidic compartments and grooves were quite steep. The concentration was \~0.5 mM at the entrance of the 100-μm-long groove and 0.07 mM at the end of the groove. Most importantly, the concentration of the model analyte at the sites of cell attachment, \~175 μm from the high-concentration compartment, approached zero. Therefore, modeling suggested that microgrooves can be used to effectively prevent diffusion of molecules between the compartments of a microfluidic device.

The experimental proof of limited diffusion between the compartments is shown in [Figure 2b](#fig2){ref-type="fig"}. In this experiment, inlet and outlet reservoirs were loaded with 400 and 100 μl, respectively, of media containing Alexa 488-labeled ovalbumin in the left channel and Alexa 546-ovalbumin in the right channel. As shown in [Figure 2b](#fig2){ref-type="fig"}, circular cell attachment sites and grooves in each compartment were stained with either red or green. No cross-compartment mixing of fluorescently labeled proteins was observed. This image also depicts the utility of the nonfouling hydrogel in confining protein deposition to the desired location on the culture surface. Thus far in this paper, we have described the fabrication of microfluidic devices and micropatterned surfaces. We have also demonstrated that the microfluidic devices were designed so as to limit cross-compartment convection and diffusion. In the next section, we demonstrate the utility of this microfluidic platform for investigating neuron--neuron and neuron--astrocyte interactions.

Using microfluidic devices for cultivation and selective labeling of neurons with GECI
--------------------------------------------------------------------------------------

Primary neurons were seeded into microfluidic compartments precoated with PLL. The cells became confined to the attachment sites defined within the PEG gel layer and began extending cellular processes. Prior to the time point at which the axons extended from one device compartment to the other (day *in vitro* (DIV) 4--5), high-titer viral samples with GCaMP6 or R-GECO coding under a synapsin promoter were introduced into each inlet reservoir. As shown in [Figure 3a](#fig3){ref-type="fig"}, neurons residing in separate compartments expressed either green (GCaMP6) or red (R-GECO) GECI. These results demonstrated that in a high-flow regime, small viral particles (\~20 nm) did not travel down the grooves separating the two compartments. [Figure 3a](#fig3){ref-type="fig"} also indicates that both attachment of cells and extension of neurites could be effectively controlled by the micropatterned surfaces.

To further highlight the utility of this compartmentalized microfluidic platform, we delivered 50 μM glutamate first to R-GECO^+^ neurons and then to GCaMP6^+^ neurons. The glutamate evoked robust calcium transients as shown in the time-lapse images in [Figures 3c--e](#fig3){ref-type="fig"}. First, the fluorescence intensity became elevated in the R-GECO^+^ population as glutamate was introduced into the top chamber ([Figure 3f](#fig3){ref-type="fig"}). Due to the synaptic coupling between neurons in the two chambers, GCaMP6^+^ cells also exhibited increased fluorescence. The GCaMP6^+^ fluorescence increased further when glutamate was introduced to the chamber housing this cell population.

After application of glutamate to the R-GECO^+^ chamber, there was a rapid but short-lived rise in calcium that occurred on both sides of the device (the time point is indicated by an asterisk in [Figure 3f](#fig3){ref-type="fig"}). One possible explanation for this increase is a calcium wave that propagated along the GCaMP6^+^ axons ([Figures 3g and h](#fig3){ref-type="fig"}). In the case of the wave shown in [Figure 3h](#fig3){ref-type="fig"}, the speed of the wave propagation was 9.3 μm s^−1^.

PEG patterning of cell culture substrates allowed us to control the location of neuronal circuit formation. This enabled us to focus our microscopy studies on specific regions of the substrate where calcium signaling was expected to occur. Furthermore, these experiments demonstrated that our platform design provides fluidic separation between adjacent compartments and selective delivery of pharmacological compounds to the desired cellular compartment.

Neuron--astrocyte interactions in microfluidic chambers
-------------------------------------------------------

Next, we sought to establish that functional interactions between neurons and astrocytes could be achieved within our device. To do so, we imaged spontaneous calcium dynamics in the astrocytes co-cultured with neurons and the spatial distribution, amplitude and frequency of calcium signaling.

First, we established a baseline by seeding purified astrocytes into one chamber of a microfluidic device. Here these devices are referred to as A/- ([Figure 4a](#fig4){ref-type="fig"}). We found that spontaneous astrocyte calcium events were rare (two of eight imaging sessions in three devices) and propagated as waves across most of the cells within the field of view ([Figures 4b and c](#fig4){ref-type="fig"}).

Next, to assess the patterns of calcium signaling in the presence of both cell types, we co-cultured neurons and astocytes in microfluidic devices ([Figures 4d--i](#fig4){ref-type="fig"}). In these experiments, neurons and astrocytes were co-cultured either in the same microfluidic compartment (NA/-, [Figure 4d](#fig4){ref-type="fig"}) or in adjacent compartments (N/A, [Figure 4g](#fig4){ref-type="fig"}). To monitor the responses in each cell type, we labeled neurons with R-GECO driven by the neuron-specific promoter synapsin and astrocytes with GCaMP6 driven by the astrocyte-specific promoter GFAP. We found that neurons can modify the calcium dynamics in astrocytes ([Figures 4d--i](#fig4){ref-type="fig"}). For example, astrocytes co-cultured with neurons in the same chamber (NA/-) displayed spatially restricted microdomain calcium activity with higher frequency compared with astrocytes in monocultures (A/-; [Figures 4f, j, and i](#fig4){ref-type="fig"}). When neurons and astrocytes were co-cultured in adjacent compartments (N/A) with axons extending into the astrocyte chamber, the astrocytes displayed spatial and temporal calcium patterns similar to those observed in the NA/- condition ([Figure 4i](#fig4){ref-type="fig"}), although the amplitude of calcium was somewhat lower in the N/A devices ([Figure 4k](#fig4){ref-type="fig"}). Taken together, these experiments demonstrated that neurons can influence the spatial distribution and frequency of calcium signaling events in astrocytes.

Given that astrocytes have been implicated in modulating the function of neural circuitry in neurological disorders^[@bib1]^, we next sought to demonstrate the utility of our microfluidic device in studying astrocyte--neuron interactions under pathophysiological conditions. To model excitotoxic conditions, we continuously applied 50 μ[M]{.smallcaps} glutamate to A- and NA/-cultures while imaging the calcium responses. In astrocyte monocultures (A-), this treatment triggered increased calcium transients and modulated their amplitude ([Figures 5a and b](#fig5){ref-type="fig"}). Astrocytes co-cultured with neurons (NA/-) displayed calcium transients with significantly increased frequency upon glutamate addition, followed by a slow decrease in frequency and amplitude ([Figures 5c and d](#fig5){ref-type="fig"}). Conversely, neurons displayed a sharp calcium flux in response to glutamate stimuli, followed by attenuation of calcium signals below the baseline level ([Figures 5e and f](#fig5){ref-type="fig"}). Interestingly, as the astrocytic calcium response began to taper, a slow rise in the calcium flux of neurons was observed ([Figure 5g](#fig5){ref-type="fig"}). Taken together, these results suggest that the presence of neurons or axons is sufficient to shape the manner in which astrocytes respond to their environment, under both normal and pathological conditions.

Conclusion
==========

Neural circuitry is shaped by complex interactions of pre- and post-synaptic neurons with astrocytes and other glial cells. There is increasing interest in understanding how interactions among these specific cell types shape neural circuitry in both the healthy and diseased nervous system.

The two-compartment microfluidic platform described here offers several advantages for the study of neuron--neuron or neuron--astrocyte interactions. This platform employs hydrogel microgrooves that serve the dual purpose of guiding axons and controlling cross-compartment diffusion of analytes. Diffusion of molecules between the adjacent compartments is limited, and selected groups of cells can be manipulated individually. In addition, the use of micropatterned surfaces allowed us to focus on selected areas of a cell culture surface. This is important for monitoring fast and complex processes, such as neuronal transmission, in which high-resolution microscopy has a limited field of view. In our system, it is possible to identify the areas where interesting events are most likely to occur and to prepare microscopy experiments accordingly. In addition, the micropatterning can further divide the neuronal network into smaller, isolated networks to enable parallel observations.

When cultured inside this microdevice, the neurons in one compartment extended neurites and formed functional interconnections with the neurons or astrocytes in the adjacent compartment. The neurons and astrocytes cultured in the microfluidic devices were healthy and could be stimulated or injured via selective delivery of molecules to the desired cellular compartment. In the future, this microfluidic device may be used to study the events in neurons that project axons into regions with pathophysiological extracellular states. These states include stroke and Alzheimer's disease, in which excitotoxic levels of glutamate^[@bib69]^ and beta amyloid peptide^[@bib70]^, respectively, are released within the affected regions.

In addition, we are the first to report a calcium wave propagating in a retrograde direction along axons projecting into a high-glutamate environment. Such waves are known to cause a transient increase in the neural firing rate when propagated from the dendrites of neurons into the soma^[@bib71]^. The speed of the waves observed in our culture system (\~10 μm s^−1^) was much slower than calcium fluxes due to action potentials. On the basis of previous reports, it is likely that these slow-moving calcium waves are mediated by inositol triphosphate receptors (IP3R) in conjunction with calcium-induced calcium release^[@bib72],[@bib73]^. Neural calcium waves are known to drive rapid responses such as axon withdrawal during early development^[@bib74]^, as well as changes to neural excitability in adulthood^[@bib71]^. However, the influence of retrograde calcium waves on neural computations has yet to be explored. Our approach thus serves to elucidate the functional consequences of this novel class of calcium waves.

This report of changes to astrocyte calcium signaling due to the presence of neuronal soma or axons is particularly timely. Recent work has uncovered a diversity of astrocytic calcium signaling occurring in situ and *in vivo* ^[@bib4],[@bib6],[@bib75],[@bib76]^. Broadly, in intact and minimal preparations, it has been found that this diversity can be simplified by segregating calcium events by the volume of the astrocyte that they fill. More specifically, IP3R-dependent events have been shown to occupy a larger proportion of a given astrocyte volume than those that do not require access to subsurface calcium stores. These two classes of calcium events are in turn coupled to different downstream pathways^[@bib4],[@bib6]^. Interestingly, we found that the presence of neurons or axons co-cultured with astrocytes shifted the distribution of calcium events in astrocytes in such a way that they occupied a smaller volume. Our system may thus allow further clarification of the contribution that calcium signals of different types make to astrocytic function.

Finally, we have shown with our approach that it is possible to simultaneously read out neural and astrocytic signaling in real time. Currently, it is known that astrocytes can reduce neural calcium flux through homeostatic control of the extracellular environment^[@bib77],[@bib78]^, gliotransmitters^[@bib1],[@bib2]^ and active secretion of neuroprotective factors^[@bib79],[@bib80]^. However, it remains difficult to determine which mechanisms are paramount for neural protection in more intact preparations. In addition, very little is known about how neurons shape astrocytes' response to excytotoxic conditions. The approach demonstrated here will be useful for addressing both questions.

The pharmacological manipulations that we employed to perturb cell function do not take full advantage of the temporal precision made possible by the use of GECIs as our readout. In particular, electrical stimulation would allow a higher degree of correlational fidelity between stimulus onset and resultant cellular calcium responses. Such stimulation techniques are compatible with the microfluidic devices employed in this study^[@bib81]^. Incorporation of such technologies would further enhance the utility of our current design.

Overall, our approach allows direct, real-time observation of cellular function in isolated neuronal and astrocytic cultures. Although previous reports have modeled neural disease states using microfluidics, such studies relied on morphological changes observed at study end points^[@bib82]^, potentially obscuring the time course within which the reported changes occurred. The combination of intracellular biosensors of calcium activity (GECIs) and microfluidics described in this study may help alleviate these issues.
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![The design of compartmentalized microfluidic platform integrating surface patterning. (**a**) Schematics of the microfluidic device. (**b**) An assembled two-compartment platform. Food dyes were added to each compartment to show the channels and chambers. PEG, polyethylene glycol; PLL, poly-L-lysine.](micronano201545-f1){#fig1}

![Fluidic isolation of the individual compartments in the co-culture device. (**a**) Stimulation result to show the effectiveness of fluidic isolation. The microgrooves defined two distinct microenvironments in each compartment. (**b**) Combined fluorescent images of a two-compartment device. The neuronal chambers were coated with two different fluorescent proteins. The scale bar represents 300 μm.](micronano201545-f2){#fig2}

![Virally infected two-color primary neuron response to glutamate. (**a**) A tiled image of neurons expressing R-GECO (top) and GCaMP6 (bottom). (**b**) An enlarged image from panel a demonstrating that axons from GCaMP6+ neurons enter the chamber containing R-GECO+ cells. (**c**--**e**) Sequential glutamate activation of R-GECO+ cells followed by activation of the GCaMP6+ cells. (**f**) Time course of cell responses shown in (**c**--**e**). Error bars show standard error of the mean at each time point. The asterisk indicates the point at which calcium influx showed a spontaneous increase on both sides of the device. The gray region of the graph indicates the portion of the time series, which is expanded in (**h**). (**g**) Spatial region of the GCaMP6+ axons expanded in (**h**). (**h**) A pseudolinescan demonstrating the calcium wave propagation speed and direction. All scale bars represent 100 μm.](micronano201545-f3){#fig3}

![The presence of neurons or axons influences astrocyte calcium dynamics. Schematic demonstrating the three tested conditions: (**a**) astrocytes alone, (**d**) astrocytes seeded into the same chamber as neurons and (**g**) astrocytes seeded opposite neurons. Astrocytes in each condition (cell edges indicated by yellow ROIs) exhibit calcium transients of different size and frequency (magenta (**b**--**c**), cyan (**e**--**f**) and orange (**h**--**i**) ROIs) depending on the seeding condition. (**c**, **f**, **i**) Time course of calcium dynamics within ROIs identified as shown in panels **b**, **e**, and **h**. (**j**--**l**) Empirical cumulative distributions of (**j**) ROI size, (**k**) maximum Δ*F*/*F* per ROI and (**l**) dynamics of calcium events as measured by full-width at half maximum (FWHM) of ROIs shown in **b**, **e**, and **h**.](micronano201545-f4){#fig4}

![The presence of neurons influences astrocytic response to glutamate. (**a**) Astrocytes recorded in the A/- condition (**b**) along with time-course data from individual ROIs. (**c**) Astrocytes in the NA/- condition with an ROI color scheme as in [Figure 4e--f](#fig4){ref-type="fig"}. (**d**) Time-course data for individual ROIs is presented. (**e**) Composite image of neurons and astrocytes (from panel **c**) in the NA/- condition along with (**f**) time-course data from ROIs applied to neurons. (**g**) Averaged time courses of astrocyte and neuronal data as shown in panels **d** and **f** to allow comparison of the fluorescence response to glutamate. All scale bars represent 100 μm. Error bars are standard error of the mean calculated at each time point.](micronano201545-f5){#fig5}
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